Background: Fabry disease is an inherited, multisystemic and progressive lysosomal storage disorder. The first symptoms of Fabry neuropathy reflect progressive loss of function of both peripheral somatic and autonomic nerve cells. We aimed to evaluate autonomic nervous system (ANS) activity in a cohort of patients with Fabry disease. Methods: ANS activity was evaluated by determining heart rate variability, spontaneous baroreflex sensitivity and ambulatory blood pressure in 9 patients with Fabry disease. Possible correlations between ANS activity and clinical phenotype were investigated. Results: Indices of global activity were frequently high, while ANS balance was disturbed only in a few patients. Sympathetic nervous system parameters were within normal ranges, but indices of parasympathetic parameters were highly variable. Baroreflex sensitivity was significantly correlated with glomerular filtration rate. Conclusion: Distribution of ASN activity indices is wide in patients with Fabry disease. Autonomic imbalance has been associated with non-Fabry chronic kidney disease and cardiovascular risk. In Fabry disease, monitoring of ANS activity may contribute to comprehensive disease staging, and may be of value in identifying patients at high risk of developing renal and cardiac events.
INTRODUCTION
Fabry disease is an X chromosome-linked disorder of lipid metabolism caused by mutations in the gene encoding the enzyme α-galactosidase A (α-Gal A) [1] . As a result of deficient or absent α-Gal A activity, glycosphingolipids, in particular globotriaosylceramide (Gb 3 ), progressively accumulate within the lysosomes of a large variety of cell types. Affected cells include vascular endothelial cells, neural cells, renal cells and cardiomyocytes. A cascade of overlapping pathologic events leads to multisystemic disease manifestations with small fiber neuropathy-related symptoms (described later), angiokeratomata and eye abnormalities (e.g. cornea verticillata) often presenting in childhood [1] . Renal histological changes, including podocyte injury, and/or (micro) albuminuria may develop at young age [2] [3] [4] . Proteinuria is often first detected in the 2nd to 3rd decade of life and is strongly associated with decline in glomerular filtration rate (GFR) [5, 6] . Left ventricular hypertrophy (LVH) is also a prominent feature in adults, particularly in males [7] , and its extent correlates with the renal complications [7, 8] . Other life-threatening complications include arrhythmias and early stroke [1, 9] . Although disease presentation in heterozygous females is often more attenuated, a major proportion of affected women will develop significant morbidity [10] . If Fabry disease is suspected, the diagnosis can be confirmed by performing a bloodbased α-Gal A assay (males) and/or Fabry mutation analysis (females) [1] .
In Fabry disease, lipid storage in neural cells particularly affects small, unmyelinated nerve fibers and first symptoms reflect progressive loss of function in both peripheral somatic and autonomic nerve cells [11, 12] . Fabry neuropathy clinically manifests as constant burning/tingling sensations in hands and feet, and acute, episodic pain triggered by illness, exercise, fever, stress or weather changes. Dysfunction of the autonomic nervous system (ANS; peripheral and central) accounts for impaired sweating, pupillary constriction and saliva and tear formation, gastrointestinal dysmotility, sensory losses, and diminished cutaneous flare with scratch. Baroreflex-mediated vasoconstriction can be deficient due to sympathetic vasomotor nerve fiber dysfunction [13] . Reduced heart rate acceleration upon exertion has been observed in young male patients and may result from cardiovagal dysfunction with parasympathetic and/or sympathetic nerve involvement [7, 14] . In cases with advanced disease, it can lead to hypotension upon orthostatic challenge [13] .
Available enzyme replacement therapies (ERTs; agalsidase alfa and agalsidase beta) can reduce or clear Gb3 deposits, reduce pain, stabilize kidney function and reduce left ventricular hypertrophy [15, 16] . However, it has become clear that therapeutic outcomes are largely dependant on the disease severity at baseline highlighting the importance of comprehensive disease staging prior to start of ERT [17, 18] . Symptoms resulting from ANS dysfunction substantially contribute to the burden of Fabry disease and assessing ANS activity can be an interesting complementary tool to quantify and monitor disease severity. We have evaluated ANS activity and possible correlations with clinical data in 9 patients with Fabry disease.
MATERIAL AND METHODS

Patients
Nine of the 11 patients with a confirmed diagnosis of Fabry disease followed at our nephrology department were included in the study. All patients gave informed consent prior to participation. Two patients declined to enter the study because of personal reasons. The study population included 5 males and 4 females with an average age (±SD) of 50.5 ± 12.2 years (range 24 -64 years). Measurement of α-Gal A enzyme activity and Fabry mutation analysis (Biochemistry Laboratory, Hospices Civils de Lyon, France) had been performed in all patients following clinical suspicion of Fabry disease, or as part of screening of the family of a confirmed patient. Renal function was assessed by measurement of 24-hour proteinuria and inulin clearance. All 6 patients with proteinuria had undergone renal biopsy to document structural changes (Laboratoire d'Explorations Fonctionnelles Rénales, University Hospital Saint Etienne, France) and to enable informed treatment decisions. Cardiac evaluation included 12-lead electrocardiography and transthoracic echocardiography. Eight out of 9 patients received ERT with agalsidase beta and 6 received renoprotective treatment with an angiotensin-converting enzyme inhibitor (ACEI). ANS tests were done after start of ERT and ACEI.
Autonomic Nervous System (ANS) Activity Measurements
ANS activity measurements included assessment of heart rate variability (HRV), spontaneous baroreflex sensitivity (BRS), and ambulatory blood pressure monitoring (AMBP). HRV was measured using 24-hour Holter monitoring (Vista, Duosft, Novacor, Rueil-Malmaison, France). Each RR interval was manually validated before analysis. Then, HRV indices were calculated for the 24-hour period and, additionally, for the day and night periods. Over these last periods, the mean RR, time domain, and frequency indices were calculated using Fourier and Wavelet transform of HRV. All indices were calculated using published standards [19, 20] widely recognized as indices providing a good estimation of ANS activity. Some variables issued from the time domain analysis are mainly under the control of parasympathetic activity (PNN50, RMSSD) or sympathetic activity (SDNN, SDANN) [21] . The indices corresponding to the very low frequency of the spectrum (VLF) relate to parasympathetic activity, low frequency indices (LF) relate to both sympathetic and parasympathetic activities. High frequency (HF) represents the vagal activity, and the LF/HF ratio estimates ANS balance [22, 23] . The very low frequency index (VLFI) is a marker of sleep fragmentation, and is mostly associated to sleep apnea. Using the frequency analysis, the total power of the spectrum (Ptot) is an estimation of the global activity of the ANS.
Spontaneous cardiac BRS was calculated using the sequences method [24] and the cross-spectral analysis method [21] . A 15-minute simultaneous recording of the electrocardiogram, blood pressure and ventilation was performed at rest in the supine position. Finger arterial blood pressure was measured using a noninvasive continuous blood pressure monitor (Finapress 2300, Ohmeda). The plethysmographic cuff was placed around the middle phalanx of the finger and the cuff pressure was modulated to maintain transmural pressure at zero. Then, RR intervals were calculated and each RR interval was paired with the corresponding systolic pressure wave. To determine spontaneous cardiac BRS, the linear regression slope was calculated for each sequence of at least three or more successive heart beats in which there were concordant increases or decreases in systolic blood pressure and RR interval. Cardiac BRS (expressed in milliseconds per millimeter of mercury) was calculated as the mean of the slopes of all sequences. The cross-spectral analysis method was used on the same recordings. BRS was calculated as the ratio between the transfer function moduli of arterial blood pressure and HRV, for the frequencies between 0.04 and 0.15 Hz (a LF ) and between 0.15 and 0.40 Hz (a HF ). The value was considered to be validated when the coherence between arterial blood pressure and HRV was greater than 0.5.
Ambulatory systolic arterial blood pressure (SBP), diastolic arterial blood pressure (DBP), and mean arterial blood pressure (MBP) were assessed using a 24-hour ambulatory Holter recorder based on the auscultatory OPEN ACCESS method (Diasys Integra, Novacor, Rueil-Malmaison, France).
Statistics
The data were analyzed using the SPSS software.
RESULTS
Demographic data and clinical characteristics at time of ANS activity evaluation are presented in Table 1 . Peripheral pain and hypohidrosis were reported by all patients. Six patients in the age range of 43 to 64 years all had CKD, cardiac hypertrophy, and one had severe neurovascular disease. Of the other patients, one young adult male who had no residual enzyme activity had been identified through family screening (patient 1) and had yet no signs of organ complications. In contrast, a 62-year-old female patient (patient 9) had 50% residual enzyme activity despite a large GLA gene deletion. She had been diagnosed at 30 years old and had progressed to end-stage renal disease (ESRD) necessitating kidney transplantation at age 41. Her respiratory insufficiency was believed to be due to Fabry disease. A third patient (patient 4, 51-year-old female, 30% residual activity) only had a cardiac conduction abnormality and was not commenced on ERT. A single patient (patient 9) had a very low Ptot, as assessed by temporal analysis, and low sympathetic and parasympathetic indices (Fourier transform) with a LF/ HF ratio reaching 1.92 and a severely depressed BRS slope value. This particular patient had progressed to ESRD. The youngest patient had no signs of organ failure and exhibited the highest Ptot and BRS.
Blood pressure values were relatively low in all patients necessitating careful titration of ACEI therapy (6 patients) to avoid hypotensive side effects. Mean systolic blood pressure was 103 ± 10 mmHg and mean diastolic blood pressure 66 ± 5 mmHg.
In this small population, a significant positive correlation was found between glomerular filtration rate (GFR) and BRS (p < 0.05; r = 0.75, Figure 1) , while there were no correlations with other ANS variables. Gender, age, proteinuria, left ventricular mass and arterial blood pressure all did not significantly correlate with ANS indices. However, there was a tendency for the severity of proteinuria to correlate with left ventricular mass (r = 0.66; p = 0.051).
DISCUSSION
We describe the results of quantitative measurements of ANS in 9 patients with Fabry disease. ANS indices (HRV, spontaneous BRS, and ambulatory blood pressure), analyzed using established methods [19] [20] [21] 24] , varied considerably between the individuals. The indices of global activity (Ptot, and in particular LF) were frequently high, while ANS balance was disturbed only in a few patients as indicated by an abnormal LF/HF ratio. Although sympathetic nervous system parameters (SDNN, SDANN) were within normal ranges, indices of parasympathetic parameters (i.e. pNN50, HF, BRS) were highly variable in our cohort. Hilz et al. have previously reported that baroreflexmediated vasoconstriction can be deficient in patients with Fabry disease due to sympathetic vasomotor nerve fiber dysfunction [13] . In our study, BRS values were found to be strongly correlated with GFR. Neither sex nor age was associated with parasympathetic activity and there was no association with cardiac hypertrophy or rhythm abnormalities. Deficient BRS in relation with decline in GFR has been previously described in patients with chronic renal failure, regardless of the underlying renal disorder [25] . Sympathetic nervous system activation of the sympathetic nervous system has been reported to be an important feature contributing to renal injury [26] [27] [28] [29] , in part through its concomitant adverse effects on hypertension [30] . Six of our patients had CKD and had undergone kidney biopsy showing typical Gb3 deposition in the mesangial cells, endothelial cells and in podocytes. Yet, sympathetic nervous system indices were normal in all patients and blood pressures were low. Of note, systemic blood pressure has been found above the target level of 130/80 mmHg in substantial proportions of patients with Fabry disease [17] .
HRV indices varied considerably in our patients. Decreased HRV has been reported in young patients with Fabry disease and is believed to reflect a reduction in parasympathetic stimulation of the heart [7] . Longitudinal studies in the general population have documented the predictive value of low HRV for an adverse cardiac prognosis [31, 32] . In particular, reduced ANS activity evaluated through HRV indices were independently associated with an increased risk of myocardial infarction, congestive heart failure, death from cardiovascular disease, and total mortality [31] [32] [33] .
Little is known about the mechanisms underlying disturbances of ANS activity in Fabry disease, but multiple factors are believed to contribute to ischemic neural damage, including narrowing of neural small blood vessels due to vascular endothelial Gb 3 storage, loss of smooth muscle resiliency, and thrombotic complications [34] . A recent questionnaire study used the Autonomic Symptom Profile to prospectively evaluate ANS activity in 48 Fabry patients [35] . The investigators disputed the role of neuropathy in Fabry-related autonomic dysfunction based on their findings which included a low prevalence of orthostatic intolerance and normal cardiovascular autonomic function. Therefore, they dispute the role of neuropathy in Fabry-related autonomic dysfunction, and suggest a key role of organ failure was suggested to play a key role in development of signs of autonomic dysfunction. Of note, a patient questionnaire is a disputable method of quantifying ANS activity.
Currently, there is no undisputable biomarker for disease burden of phenotypic diversity in Fabry disease [9] . Urinary Gb 3 has been reported to correlate with clinical presentation but is a rather demanding test to perform [36] . Scoring systems, including an age-adjusted scoring system, have been developed to assess the overall severity of Fabry disease and progression over time [37] [38] [39] , but they are not useful for evaluating ANS activity. Although the sample size of our study does not allow drawing firm conclusions, assessing ANS activity may contribute to comprehensive staging of Fabry disease. If our results are confirmed by larger studies, it may assist in identifying patients at high risk of developing renal and cardiac events, and can be useful tool in non-invasive monitoring of patients on and off treatment.
